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Uutline of the talk

1) Transverse-Momentum-Dependent distributions (TMDs]
2] formalism

2] extractions of unpolarized quark TMDs

3] polarized case

4] how to access gluon TMDs

0] TMDs in spin-1 hadrons
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TMDs

References (intro and reviews) :

- “The 3D structure of the nucleon” EPJ A (2016) 52

- J.C. Collins * "’

- material from the TMD collaboration , e.g.:
* P.J. Mulders’

* T. Rogers’

* A. Bacchetta's

* and all the other lecture notes/ references on the webpage

-
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https://link.springer.com/journal/10050/topicalCollection/AC_628286e999d9a60c9a780398df15f93d
https://link.springer.com/journal/10050/topicalCollection/AC_628286e999d9a60c9a780398df15f93d
http://www.physics.arizona.edu/~fleming/Main.html
http://www.physics.arizona.edu/~fleming/Main.html
https://www.nikhef.nl/%257Epietm/COR-0.pdf
https://www.nikhef.nl/%257Epietm/COR-0.pdf
https://sites.google.com/a/odu.edu/tedcrogers/home/tmd-summer-school
https://sites.google.com/a/odu.edu/tedcrogers/home/tmd-summer-school
http://www2.pv.infn.it/%257Ebacchett/teaching/Bacchetta_Trento2012.pdf
http://www2.pv.infn.it/%257Ebacchett/teaching/Bacchetta_Trento2012.pdf

guark TMD PDFs

Jransverse momentum

Longitudinal momentum

Logm® * ) extraction of a quark
.

not collinear with the proton
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guark TMD PDFs

(I)Z'j(k,P; S
Quarks| v [vT4°| io'TH°
U J1 hi
L \ g1 hf_L
\
T fir Noir | ha, hir

/

Sivers TMD PDF

unpolarized TMD PDF

similar table for gluons and for fragmentation

bold : also collinear
red : time-reversal odd [universality properties)

6

) ~F.T. (PS | 4;(0) Up,e ¥i(§) [PS )|.r

momentum

Longitudinal momentum

extraction of a quark
not collinear with the proton

encode all the possible
spin-spin and spin-momentum
correlations
between the proton
and its constituents
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Jefferson Lab



otatus of TMD phenomenology

Theory, data, fits : we are in a position to start validating the formalism

quark pol.
U L T
6’« f 3L Only first attempts
=y 1 1
= 1
S L giL hit,
O
1 1
= LS | gir b ha hag
Limited data, theory, fits T'wist-2 TMDs
see, e.g, Bacchetta, Radici, arXiv:1107.5755 Lu. Ma. Schmidt. arXiv:0912.2031
Anselmino, Boglione, Melis, PRD86 (12) Lefky, Prokudin arXiv:1411.0580
Echevarria, Idilbi, Kang, Vitev, PRD 89 (14) Barone, Boglione, Gonzalez, Melis
Anselmino, Boglione, D’Alesio, Murgia, Prokudin, arXiv: arXiv:1 502_ 0421 4’ ’ ’
1612.06413

Anselmino et al., PRD87 (13)
Kang et al. arXiv:1505.05589 ‘ggf_f_e.rson L ab


http://arxiv.org/abs/arXiv:0912.2031
http://arxiv.org/abs/arXiv:0912.2031
http://arxiv.org/abs/arXiv:1411.0580
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http://arxiv.org/abs/arXiv:1502.04214
http://arxiv.org/abs/arXiv:1502.04214
http://arxiv.org/abs/arXiv:1107.5755
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http://arxiv.org/abs/arXiv:1612.06413
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Twist-2 TMDs

Only first attempts

-

\_

Big effort at JLab to
explore all of them

~

_J

Lu, Ma, Schmidt, arXiv:0912.2031
Lefky, Prokudin arXiv:1411.0580
Barone, Boglione, Gonzalez, Melis,

arXiv:1502.04214
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TMD & collinear factorization

References:

- J.C. Collins
- SCET literature



Collinear and TMD factorization

Let’s consider a process with (SIDIS, Drell-Yan, e+e- to hadrons,
three separate scales: pp to quarkonium, ... ]

hadronic AQCD << qT << Q hard scale
< >

mass scale

(related to the)
transverse momentum of the observed particle

The ratios AQCD/Q AQCD/CIT QT/Q

select the factorization theorem that we rely on.

According to their values we can access different
“projections” of hadron structure

Jefferson Lab



Collinear and TMD factorization

The key of phenomenology:  emergence of TMD and collinear distributions
from factorization theorems

fixed Q, variable qr

do / qu

qr > Q fixed-order term

~ ®g(x,) Pp(xp)
collinear PDFs

Q relative error = O(Aaco/ qr7) 1

. degraded |
' description! /7

. Jefferson Lab
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Collinear and TMD factorization

The key of phenomenology:  emergence of TMD and collinear distributions
from factorization theorems

fixed Q, variable gr

do / qu

qr < Q) fixed-order term

collinear ~ Dy (CUa) Op (CUb)

resummed term factorization

(W) collinear PDFs

_ degraded |
'description!

Jefferson Lab

Aqcp

(I)A(xa,kTa) CIDB(acb,ka) ~ TMD PDFs

relative error = O(qr/Q)
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Collinear and TMD factorization

The key of phenomenology:  emergence of TMD and collinear distributions
from factorization theorems

fixed Q, variable gr

Matching
do / dqr region
qr < Q fixed-order term
TMD : collinear
resummed term factorization . factorization .
W . collinear PDFs
(W) degradgd
TMD PDFs descriptEons
: >
Aqep Q qar
W, relative error = O(qr/Q) F.0,, relative error = O(Acco/ gr7)

\We need a prescription to deal with the region
where both descriptions are not good )

Jefferson Lab
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Collinear and TMD factorization

The key of phenomenology:  emergence of TMD and collinear distributions
from factorization theorems

fixed Q, variable gr

Matching
do / dqr region
qr < Q fixed-order term
TMD : collinear
resummed term factorization . factorization .
W . collinear PDFs
(W) degradgd
TMD PDEs descriptEons
. >
AQCD Q qT

/ Crucial, especially at low Q (e.g. JLab kinematics],

The extraction of the nonperturbative part where the regions shrink

of TMDs is affected by the \
description of the whole gr range bolarization ? J ff.e'rSOn Lab
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Need of TMD evolution

HERMES, Q = 1.5 GeV
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Need of TMD evolution

HERMES, Q = 1.5 GeV CDF, Q=91 GeV
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Need of TMD evolution

HERMES, Q = 1.5 GeV CDF, Q=91 GeV
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Width of TMDs changes of one order of magnitude:

we can we explain this with TMD evolution )
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TMDs in SIDIS | z

Some references:

- Bacchetta, Diehl, Goeke, Metz, Mulders, Schlegel JHEP 0702 (2007) 093
- Bacchetta, Boer, Diehl, Mulders JHEP 0808 (2008) 023
- Boglione, Collins, Gamberg, Gonzalez, Rogers, Sato Phys.Lett. B766 (2017) 245-253
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Structure functions
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Structure functions (P — ('hX
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Structure functions (P — ('hX
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Structure functions (P — ('hX

do -
dz dy dy dzdon dP? |

o2 12
ryQ? 2(1 —¢)

— SFs :

convolutions of
TMD PDFs and FFs!

‘-) 4
(1 + ;> {Fz..'z..'.'r +eFyu +/2e(1 +€) cosgn Ff "

+ ecos(20y) F535 2% + Ao v/26(1 — €) sin ¢y, Fi ™

in ¢ sin 2¢; uark pol.
+ 5 V2e(1+¢) singy, I “h + esin(2¢y,) E5T 2«.0,,] q P
U L T
'é hJ_
¢ ! COS 1

+ S| Ae [\/1—62 Fri, +v/2¢(1 —€) cos ¢y, Fry Ph 24 f 1

8 L giL hf_L
sl of sin{¢dy —dsg) sin(¢p —og) S
o [Sm(% = 9s) (F"""""'} +eFyry ) = i | gir’| hi, him

transversity

+ & sin(¢y, + dg) 1",’"",5.’,‘-'*'-"”“ oSl Yy g sin(3¢y, — ¢g) Ff}.’;.“% —¢s) Twist-2 TMDs

+ higher-twist

+V2e(1+¢) sings Fp™ + V/2e(1+¢) sin(2n — ) Fp ™) o
contributions

+ |81 e !\/ 1 — &2 cos(dp — ds) F;';‘,;?{"b"'_‘”-*) + /2e(1 — ) cos g F£5%s

}’ 0 .ggf_fggon Lab

+v/2e(1 =€) cos(2dy, — b5) Frp o %)




Structure functions (P — ('hX
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Some motivations

unpolarized TMD PDF:;
- test of factorization formalism
fl - improve our description of qT spectra (e.g. at W at LHC)
- baseline to extract polarized TMDs from asymmetries

collinear twist 3 PDF e(x):
(& - Insights in quark-gluon-quark correlations
- scalar charge of the nucleon
- nucleon sigma term ?

| | T-odd Boer-Mulders and Sivers TMD PDFs:
hl ] 17T - rigorous tests of the symmetry properties of QCD
[sign change between SIDIS and Drell-Yan)

transversity (TMD) PDF:
hl - access to the tensor charge of the nucleon
- window on BSM physics
- also accessible in inclusive DIS ?

collinear (?) Bacchetta function:
hlLT - another rigorous test of QCD symmetries
- T-odd effects in spin-1 hadrons

2
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Target vs current vs central regions

Boglione, Collins, Gamberg, Gonzalez, Rogers, Sato Phys.Lett. B766 (2017) 245-253

(a)/ (b) / ©) /

PDFs, TMDs fracture ?
functions

c 2
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Target vs current vs central regions

Boglione, Collins, Gamberg, Gonzalez, Rogers, Sato Phys.Lett. B766 (2017) 245-253
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Extraction of quark unpolarized TMDs

References :

- “The 3D structure of the nucleon” EPJ A (2016) 52

- Bacchetta et al.

- A. Signori,
- Angelez-Martinez et al. arXiv:1507.05267

- EIC white paper, JLab 12 GeV white paper, ...
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https://link.springer.com/journal/10050/topicalCollection/AC_628286e999d9a60c9a780398df15f93d
http://inspirehep.net/record/1520011
http://inspirehep.net/record/1520011
https://userweb.jlab.org/~asignori/research/PhD_thesis_Andrea.pdf
https://userweb.jlab.org/~asignori/research/PhD_thesis_Andrea.pdf
http://arxiv.org/abs/arXiv:1507.05267
http://arxiv.org/abs/arXiv:1507.05267

The frontier

Nucleon tomography in momentum space: High-energy phenomenology:
to understand how hadrons are built in terms of the to improve our understanding of
elementary degrees of freedom of QCD high-energy scattering experiments and

their potential to explore BSM physics

More open questions ([phenomenology]) :

1) what is the functional form of TMDs at low transverse momentum ?
2] what is its kinematic and flavor dependence ?

3] can we attempt a global fit of TMDs ?

4] can we test the generalized universality of TMDs ?

D) what's the impact of hadron structure on the determination of Standard Model
parameters ?

Jeff./gon Lab
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Experimental measurements

Z production@ 3¢ Fermilab
otk _ e Z production@ LHC

1o3§- Drell-Yan@ 3&Fermilab

(
[ f
ol . IDIS@ %G}%

W

e

e

1072

X

1074 1073

JLAB contribution!

Electron-positron annihilation data are still missing
[only some azimuthal asymmetries are available]
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Comparison with collinear PDF fits
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see talk by E. Nocera at POETIC2016

107}
106_
data sets available: 10°
. O oandl
<«— collinear PDFs 3 10 T
VS B¢
103_
TMD PDFs —>
107 ¢ 4 |
P~ g
By
Y 2 J
101 } °
[ )
[ )
100 } . | . ) "..
10°% 10° 10% 10°% 102 10

31

X

c 2

Jefferson Lab




Wh at dD \V\V/E kn ow 9 (only a selection of results!)

Framework| HERMES |COMPASS| DY Z N of points
production
KN 2006
o oeosens | LO-NLL X X (V4 4 08
Pavia 2013. NO evo
( Aarx:mgog.’sig ) (QPM) v X X X 1538
TO{L”JOL§8)14 No evo v v X X 576 (H)
arXiv:1312.6261 (QPM) (separately) | (separately) 6284 (C)
DEMS 2014
arXiv:1407.3311 NLO-NNLL X X v v 223
EIKV 2014 . .
simannso7e | LO-NLL [1(x,Q2) bin|1 (x,Q?) bin v v 500 (7?)
Pavia/JLab 2017 LO-NLL v v v v 3059
SV 2017 NNLO-
arXiv:1706.01473 NNLL X X 4 4 309
[ courtesy A. Bacchetta ) )
’ Jefferson Lab
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http://arxiv.org/abs/hep-ph/0506225
http://arxiv.org/abs/hep-ph/0506225
http://arxiv.org/abs/arXiv:1309.3507
http://arxiv.org/abs/arXiv:1309.3507
http://arxiv.org/abs/arXiv:1407.3311
http://arxiv.org/abs/arXiv:1407.3311
http://arxiv.org/abs/arXiv:1401.5078
http://arxiv.org/abs/arXiv:1401.5078
http://arxiv.org/abs/arXiv:1703.10157
http://arxiv.org/abs/arXiv:1703.10157

Wh at dD \V\V/E kn ow 9 (only a selection of results!)

Framework| HERMES |COMPASS| DY Z N of points
production
KN 2006
o oeosens | LO-NLL X X (V4 4 o8
Pavia 2013. No evo
| Aarx:mgog.’s%g ) (QPM) v 3 3 3 1538
TO{L”JOL§8)14 No evo v v X X 576 (H)
arXiv:1312.6261 (QPM) (separately) | (separately) 6284 (C)
DEMS 2014
arXiv:1407.3311 NLO-NNLL X X v v 223
EIKV 2014 . .
simannso7e | LO-NLL [1(x,Q2) bin|1 (x,Q?) bin v v 500 (7?)
Pavia/JLab 2017 LO-NLL v v v v 3059
SV 2017 NNLO-
arXiv:1706.01473 NNLL X X 4 4 309
[ courtesy A. Bacchetta ) )
’ Jefferson Lab
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http://arxiv.org/abs/hep-ph/0506225
http://arxiv.org/abs/hep-ph/0506225
http://arxiv.org/abs/arXiv:1309.3507
http://arxiv.org/abs/arXiv:1309.3507
http://arxiv.org/abs/arXiv:1407.3311
http://arxiv.org/abs/arXiv:1407.3311
http://arxiv.org/abs/arXiv:1401.5078
http://arxiv.org/abs/arXiv:1401.5078
http://arxiv.org/abs/arXiv:1703.10157
http://arxiv.org/abs/arXiv:1703.10157

Features

Framework| HERMES |comPAss| DY Z N of points
production
Pavia/JdLab 2017 LO-NLL ‘/ ‘/ ‘/ ‘/ 8059
PROs CONis

almost a global fit of

guark unpolarized TMDs

includes TMD evolution

replica (bootstrap)
fitting methodology

kinematic dependence
in intrinsic part of TMDs

Intrinsic momentum: beyond
the Gaussian assumption

no “pure” info on TMD FFs

accuracy of TMD evolution :
not the state of the art

only “low” transverse momentum

34

(no fixed order and Y-term]

flavor separation in
the transverse
plane : problematic

—
Jefferson Lab



http://arxiv.org/abs/arXiv:1703.10157
http://arxiv.org/abs/arXiv:1703.10157

Transverse momenta

olDIS

hadron

TMD FF

proton TMD PDF

35 —



Transverse momenta

DY

TMD PDF

Pg

nucleon

nucleon

P
TMD PDF

c 2
Jefferson Lab
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TMD PDFs at 1 GeV

c 2
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TMD PDFs at 1 GeV

~ 1 b g% b2
a b2 — e Ytaz (1 — la T
leP(CB? T) 27T€ ( 1 _l_ >\gla 4

1.2

2 2
k _ kI

(e_ﬁ + )\kie gla)
g1a + A 97,

1
a k2 _
f1NP($a J_) -

J fffe-gon Lab
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TMD PDFs at 1 GeV

2

Jefferson Lal337



TMD PDFs at 1 GeV

x-dependent width g1(x) =

-ragmentation function is similar
ncluding TMD PDFs and FFs, in total: 11 free parameters
4 for TMD PDFs, 6 for TMD FFs, 1 for TMD evolution]

Jeff.;gon Lab
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Agreement data-theory

Flavor independent scenario

. 2 2
Flavor independent configuration | 11 parameters Points | Parameters X x"/d.o.f
8059 11 12629 =+ 363 | 1.55 £ 0.05
HERMES | HERMES | HERMES | HERMES
p—mt p— T p— KT p— K~ H " hetter th _ .
Points 190 190 189 187 ?rmes aonft .et.er ; an ﬁ’z'lczms'
2 /points | 4.83 2.47 0.91 0.82 arger uncertainties trom s
HERMES | HERMES | HERMES | HERMES | COMPASS | COMPASS
D—snat | D7 | D—>K'" | D—->K | D—h" D —h~
Points 190 190 189 189 3125 3127
x* /points 3.46 2.00 1.31 2.54 1.11 1.61
E288 [200] | E288 [300] | E288 [400] | E605 Compass : better agreement due to
Points 15 45 [ 39 #points and normalization
x* /points 0.99 0.84 0.32 1.12
CDF RunI | DO RunlI | CDF Run II | DO Run II
Points 31 14 37 8
x* /points 1.36 1.11 2.00 1.73

38




Best-fit values

Flavor independent scenario

0 02 03 04 05 06 0.7
(k) (x=0.1)[GeV?]

Caveat for comparisons
NP effects (as the intrinsic momentum) always
depend on the accuracy
of the perturbative part ;

determined as observed - calculable

=

OECOEEED

Bacchetta, Delcarro, Pisano, Radici, Signori,

Signori, Bacchetta, Radici, Schnell arXiv:1309.3507
Schweitzer, Teckentrup, Metz, arXiv:1003.2190

Anselmino et al. arXiv:1312.6261 [HERMES]

Anselmino et al. arXiv:1312.6261 [HERMES, high z]
Anselmino et al. arXiv:1312.6261 [COMPASS, norm.]
Anselmino et al. arXiv:1312.6261 [COMPASS, high z, norm.]
Echevarria, Idilbi, Kang, Vitev arXiv:1401.5078 (Q = 1.5 GeV)

Red/orange regions : 68% CL from replica method

Inclusion of DY /Z diminishes the correlation

2
Inclusion of Compass increases the (P1)

and reduces its spread

e+e- would further reduce the correlation

c 2

N Jefferson Lab



Polarized case

References:

- "The 3D structure of the nucleon” EPJ A (2016) 52
-STAR arXiv:1511.06003

- Compass: arxiv:1704.00488

- Accardi, Bacchetta arXiv:1/06.02000

c 2
© Jefferson Lab


https://link.springer.com/journal/10050/topicalCollection/AC_628286e999d9a60c9a780398df15f93d
https://link.springer.com/journal/10050/topicalCollection/AC_628286e999d9a60c9a780398df15f93d
http://arxiv.org/abs/arXiv:1511.06003
http://arxiv.org/abs/arXiv:1511.06003
http://arxiv.org/abs/arXiv:1706.02000
http://arxiv.org/abs/arXiv:1706.02000

olvers: process dependence

(Gauge invariance and T-reversal invariance generate a
sign change between the Sivers TMD PDF in Drell-Yan
and Semi-Inclusive DIS

c D
Jefferson Lab
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olvers: process dependence

Gauge invariance and T-reversal invariance generate a Collins, PLB 536 (02)
sign change between the Sivers TMD PDF in Drell-Yan
and Semi-Inclusive DIS

c D
Jefferson Lab
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olvers: process dependence

Gauge invariance and T-reversal invariance generate a Collins, PLB 536 (02)
sign change between the Sivers TMD PDF in Drell-Yan

d

nd Semi-Inclusive DIS

-
.-..

KQ (no “sign change”’)
Global x2/d.o.f. =19.6 /6

“OF 3.4% beam pol. uncertainty not shown
I | | | | I | | | | I
-0.5 0 0.5
yW

41

STAR p-p 500 GeV (L =25 pb'1) *AR

©C0.5<P) <10GeVic

]

first evidence
ot sign change?

STAR Collab. arXiv:1511.06003

c D
Jefferson Lab


http://arxiv.org/abs/arXiv:1511.06003
http://arxiv.org/abs/arXiv:1511.06003

olvers: process dependence

(Gauge invariance and T-reversal invariance generate a
sign change between the Sivers TMD PDF in Drell-Yan

and Semi-Inclusive DIS

0.8

-0.8

-0.6[ -

STAR p-p 500 GeV (L =25 pb'1) *AR

C0.5<P) <10GeVic

KQ (no “sign change”’)
Global x2/d.o.f. =19.6 /6

L 3.4% beam pol. uncertainty not shown

-0.5 0 0.5
yW

4]

Collins, PLB 536 (02)

first evidence
ot sign change?

orediction with TMD
evolution equations

STAR Collab. arXiv:1511.06003

Jefferson Lab
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http://arxiv.org/abs/arXiv:1511.06003
http://arxiv.org/abs/arXiv:1511.06003

olvers: process dependence

Sivers asymmetry in Semi-Inclusive DIS

DGLAP (2016) TMD-1 (2014) TMD-2 (2013)
M. Anselmino et al., arXiv:1612.06413 M. G. Echevarria et al. PRD89,074013 P. Sun, F. Yuan, PRDSS, 114012
?c o COMPASS, proton, h* 0.1 F " 0'062_
) - 0.05F o ha
:g . 0.06 — 0.05 - 004; H+p h\::4
< & [ 2 003  COMPASS
0.04 + é = ok i—!rlsz’/.///’—‘I :
+ + < E 0.025—
e 0.05 F o0t —
. l: |
0 0.1F ool RN
. S ! E . 1 ) — —— 102 10"

107" ) 10 10'l Xp
PJCVV!(I31§])ril:20]f7 \\\\\\\\“~\\\\---\~\s l 4(,,,,,,,,,,,,,,/”’/’

COMPASS
CERN-EP-2017-059

—— DGLAP

arXiv:1704.00488[hep-ex] 0.1
z Sivers asymmetry in
»n
Drell-Yan
—0.1

no sign change
| | | | | | |

0 0.5 2 n Lab

5 April 2017 Bakur Parsamyan X F 6

courtesy B. Parsamyan
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olvers: kinematic coverage

103 Current data for Sivers asymmetry:
e COMPASS h* P.r<16GeV, z>0.1

O HERMES %% K P, <1GeV,02<2z<0.7
m JLab Hall-A 7% P, <0.45GeV, 0.4<2<0.6

T T TTT

Planned:

102 BT JLab 12

> B ]

O i ]

S | :

Al u _
O

10 = =

1 —

C ol L1111

-4 -3 -2 -1
10 10 10 10 1
From EIC white paper X — )

Jefferson Lab



Transversity in DIS

K
T
P o(k, P)

transversity PDF couples to
a chiral odd jet fragmentation function
In inclusive DIS

2
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Gluon TMDs

see, e.9.,
- Boer, Mulders, Pisano, Zhou JHEP 1608 (2016) 001

- Boer, den Dunnen, Pisano, Schlegel, Vogelsang, PRL108 (12)

- den Dunnen, Lansberg, Pisano, Schlegel, PRL 112 (14)

- AS: PhD thesis , arXiv:1602.03405

- AFTER@LHC working group: arXiv:1/702.01546 , arXiv:1610.05228, ...

- Echevarria et al. arXiv:1502.05354

Jefferson Lab
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http://arxiv.org/abs/arXiv:1602.03405
http://arxiv.org/abs/arXiv:1602.03405
http://arxiv.org/abs/arXiv:1702.01546
http://arxiv.org/abs/arXiv:1702.01546
http://arxiv.org/abs/arXiv:1610.05228
http://arxiv.org/abs/arXiv:1610.05228
http://arxiv.org/abs/arXiv:1502.05354
http://arxiv.org/abs/arXiv:1502.05354

Gluon TMDs

ep— e jet jet X pp—J/vy X

EIC !

gluon TMD

46




Higgs transverse momentum

G. Ferrera, talk at REF 2014, Antwerp, https://indico.cern.ch/event/330428/

0.6

0.4

PDF uncertainties -

0.2

(X = Xc)/Xe

|
o
20

-0.4

-0.6

pp~>H+X
Vs=14 TeV

my=125 GeV

\

INntrinsic transverse

— momentum effects
S B I .
2 5 10 20 50 100

qr (GeV)

47
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https://indico.cern.ch/event/330428/contribution/25/material/slides/0.pdf
https://indico.cern.ch/event/330428/contribution/25/material/slides/0.pdf

Higgs transverse momentum

G. Ferrera, talk at REF 2014, Antwerp, https://indico.cern.ch/event/330428/

0.6

0.4

PDF uncertainties -

Z
[AV]
7771

(X = Xc)/Xe

|
o
20

-0.4

-0.6

pp~>H+X
Vs=14 TeV

my=125 GeV

\

INntrinsic transverse

200

— momentum effects
S B I .
2 5 10 20 50 100

qr (GeV)

47
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https://indico.cern.ch/event/330428/contribution/25/material/slides/0.pdf
https://indico.cern.ch/event/330428/contribution/25/material/slides/0.pdf

opin 1 TMDs

References :

- quark TMDs : Phys.Rev. D62 (2000 114004
- gluon TMDs : JHEP 1610 (2016) 013

-2
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guark TMD PDFs

®;j(k, P; S, T) ~F.T. (PST| 1;(0) Up,¢ ¥i(§) |PST)

Quarks| vt [vTy°| io'Ty°
U f1 hlL
L g1 hit
T fir | oir | ha, hir
UL | fire hiLL
LT firT |ginT | hioT, hf_LT
1" firT | gi7T | haTT, hf_TT

bold : also collinear
red : time-reversal odd (universality properties)

49

|LF

extraction of a quark
not collinear with the proton

a similar scheme holds for
TMD FFs and gluons

Jefferson Lab
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guark TMD PDFs

recent investigations of the T-even

TMDs in the context of DSE
arXiv:1/0/7.03/87

Collinear, related to b1(x]

/ (under scrutiny at JLab]

/

Quarks| v© |[y"y°| io'Ty°
U f1 hlL
L gi hit, -
T ffT 91T _ , T
UL | firL " hiLL
LT fiLT | g1t hlLT:ﬂAL/T‘
T'T firT | 91T |hiTT, hf_TT

bold : also collinear
red : time-reversal odd (universality properties)

50

Collinear & T-odd ; should be zero!
[to be investigated]

Jefferson Lab
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http://arxiv.org/abs/arXiv:1707.03787
http://arxiv.org/abs/arXiv:1707.03787

Conclusions : a path to move forward

1) Phenomenology of TMDs is well underway ...

2) ... but there are a lot of theoretical challenges to be addressed:
definition of kinematic regions in SIDIS, matching, perturbative
accuracy, a better understanding of hadronization, context for gluon

TMDs,, ...

3) we definitely need more data (CLAS, EIG, ...}, at the moment
especially for e+e-

4) \Working with some approximations, we are getting closer to a
global fit analysis of TMDs

9) polarized structure functions unexplored from the point of view of
QCD, but we have guidance from parton model studies [see JLab
activities]

Jefferson Lab
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Backup

Jeff./e-gon Lab
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TMDs and their evolution

FT of TMDs :
Fi(xa br; Q, Q2) — Fz(ma br Mg s M%)X

Q g o\ K (br;u;) gK(b_T;{A}D
v Q)
exp{ / g (1), Q% /1)

. 2

a“\

Sudakov form factor : perturbative  and Cnonper'tur'bative):ontributions

L Collinear distribution!
(input) TMD distribution : Wilson coefficients and(m'-l‘lnmc par@/(

F(CU bT ,ubnub Z Cz/] L, bT :ubv:ub ®fj Ly Uy (Fz NP €L, bT {)\}

1=9,9,9

Nonperturbative parts defined in a "negative” way : observed-calculable

_ 2

N Jefferson Lab



TMDs and their evolution

Distribution for intrinsic transverse momentum - 7.
(and its FT): [Fi,NP(xv br; {)‘}D

a Gaussian ?

Soft gluon emission (QK (b_T§ {)‘}D

c 2
y Jefferson Lab



TMDs and their evolution

Distribution for intrinsic transverse momentum - 7.
(and its FT): [Fi,NP(xv br; {)‘}D

a Gaussian ?

Soft gluon emission (QK (b_T§ {)‘}))

Separation of br regions

/ bmax . bT — +00

[BT(bT; bmirn bmax)j ~ bT 9 bmin < bT < bmax
~ bmin , bT — 0

High bt limit : avoid Landau pole

Low bt limit : recover fixed order expression

A

Jefferson Lab

|
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Models - evolution and bt regions

b2
g (br; g2) = —927T

4

]_ — e_b%/bfnax / bmaX ’

I;(bT; bmina bmax) = bmax (

Dnax = 2~ TF

bmin = 2”7 /Q) bmax

1.2F

These choices guarantee that for :
¢ Q=1 GeV the TMD coincides with
the NP model

Q=20 Ge Ve ity
0.5 1.0 18 2.0 bT (Gev_’l )

56



Models - evolution and bt regions

1 o e_b%/bmax> /V bmax ’ bT — +00

b(bT§ bmina bmaX) = bmax ( 1 — 6_b4 /0% in

™ bmln ) bT — 0
(bun~1/Q. 1<Q) .
The phenomenologlcal |mpor‘tance i : b
| l max

. of bmin is a signal that -especially in ;,f
i SIDIS data at low @- we are exiting §
. the proper TMD region and :

! approaching the region of collinear
; factorization

57 . S | 0.5 N 1.0 NELEE 1.5 R 2.0 bT (Gev_’l)



Intrinsic transverse momentum

1 1+ \k3 L ) 1 — )@ 20
{ffNP(x7ki) — ; <kﬁ_(> n )\ <JI;)3_ >2 = <kLa>J <k2La,>(x) — <k3_a> El L ;;a :;O'

a

weighted sum of two Gaussians
same widths for distributions, different widths fragmentations

1 1 _ = __p?
DSz 12 = — (e Plosn) + (Ap/2°)P% e <P,L2a—>h>)
T (P2 )+ (Ar/22) (P22 (Ar/7°)

- 1
P}, ;) (2) = (Pi, - -
Inspired from diquark models (PLasn) (Ploosn) (2P +0) (1 -2

(Eur.Phys.d. A45 (2010) 373-388] 2=0.5

For fane and Dane we have 10 free parameters
(flavor independent case] /7
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Best-fit values

TMD PDFs (k3) a o A
[GeV?] [GeV 7]
All replicas || 0.28 +0.06 | 2.95 =+ 0.05 | 0.17 & 0.02 0.86 & 0.78
[ Replica 105 || 0.285 2.98 0.173 0.39
TMD FFs (P? 3 5 v AF (P
(GeV?] (GeV 2] (GeV?]
All replicas || 0.21 +0.02 | 1.65+ 0.49 | 2.28 4+ 0.46 | 0.14 4+ 0.07 | 5.50 + 1.23 | 0.13 + 0.01
(Replica 105 | 0.212 2.10 2.52 0.094 5.29 0.135

Flavor independent scenario:

((k2) = 0.28 -

-
- 0.06 GeV?

<

\_

(P?) = 0.21 4+ 0.02 GeV?
P2y =0.13 4+ 0.01 GeV?

J

59

TABLE XI: 68% confidence intervals of best-fit values for parametrizations of TMDs at Q = 1 GeV.

[ gs = 0.13 &+ 0.01 GeV? J

best value from 200 replicas

compatible with other extractions

Jeffe

>
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SIDIS @ Hermes (P, rt)
(Q%)=1.5 GeV? (Q%)=1.8 GeV? (Q%)=2.9 GeV? (@%)=5.2 GeV? (@%)=9.2 GeV?
(x)=0.061 (x)=0.096 (x)=0.15 (x)=0.24 (x)=0.41
10 s, p>TTT ' Z
"T_' 8 /\. [
= . . ® o &
S 6 /\ /\ | \ \ agreement
> .
S 4 ST T~ N T N /N /\ improves at
= ———— A——— P T S /—4\ and hlgh GE
p——r——— R PP} ,,—»—»—r;,‘,,—;—*—v—r—p\.y
10 P ]
> ]
()
= 4 :
% 4t At e N . /\ /\\ strong XGE
g | ——— e T e e correlation
= ————— ———t—— PRSP T S e —— — —aaid
—p———p ———— [ —>——>—p— 3 *

= (2)=0.24 (offset=5)
+ (2)=0.28 (offset=4)

(2)=0.34 (offset=3) « (z)=0.54 (offset=1)
(2)=0.43 (offset=2)

» (2)=0.70 (offset=0)

60 >



Global fit

SIDIS

) 2 2
y=4.3 GeV
¢6;4P (x)=0.022
1

(Q%)=4.8 GeV?
(x)=0.033

(Q%)=3. GeV?
(x)=0.055

G |
NN
IRAIR
AR IA
T Ay | NN
NRXRD
IR IR IR

0.3 0.6 0.9 0.3 0.6 0.9 0.3 0.6 0.9

PhT [GGV]

PhT [GeV]

PhT [GeV]

Bacchetta et al. JHEP 1706 [2017]) 081

61
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http://inspirehep.net/record/1520011
http://inspirehep.net/record/1520011

Global fit

SIDIS Drell-Yan

o ‘\ 2 2 2 2 2 2
y=4.3 GeV (Q2)=4.8 GeV (Q?)=3. GeV
?61/‘41) (x)=0.022 (x)=0.033 (x)=0.055 F L
i b
\

.
het

N
? 4% E///% E/’//% E288,Vs=27.4GeV  E288,+s=23.8GeV
: %/\g% ﬁ f/\“\ 15-/%“*4 y=0'4_2o-})J=LL‘ y=0.21)
2 m A - 10% | ))LH\L‘
IR RKNRN| YOS v
M N NI N | | 9

—
(@)
|
'y
(@)
——
——
—

(Q%)=2. GeV? (Q@?)=2. GeV? (Q?)=2. GeV?
(x)=0.022 (x)=0.033 (x)=0.055

—
Nk
w

E;E 6 E/& }“& % ar[GeV] ar[GeV]
"z f)&\ /tﬂ\ A Bacchetta et al.

0.3 0.6 0.9 0.3 0.6 0.9 0.3 0.6 0.9 .
P, r[GeV] P.[GeV] P.[GeV] . /7
) Jefferson Lab


http://inspirehep.net/record/1520011
http://inspirehep.net/record/1520011

Global fit

SIDIS Drell-Yan / prOdUCtiOH

= N 2 2 2 2 2 2
)=4.3 GeV2|  (Q%)=4.8 GeV (Q?)=3. GeV
W &022 (x)=0.033 (x)=0.055 * F r 'I I: ‘ w

E288, Vs = 23.8 GeV oDF Do
y=0.21 | +H'\/§= 1.8 TeV Vs=1.8TeV

e

;:%5
DD
)

W
o

N
(%))

N
N
o

—_
o

(Q?)=3. GeV? (@%)=3. GeV? (Q?)=4.8 GeV?
(x)=0.022 (x)=0.033 (x)=0.055

1/0 do/dgr[GeV™"]
o

[2)

P
P
Y4

(o)

CDF DO
Js=1.96 TeV Js=1.96TeV

do/dgt (normalized)

N
(%))

—)—}}}
——
w —_
o (o) o
@

2 ' > 20
/SN
10 & 15
(Q%)=2. GeV? (Q@?)=2. GeV? (Q?)=2. GeV? g
8 (x)=0.022 (x)=0.033 (x)=0.055 1 2 3 -g 10
2UlAaa AN N qriGeV] 2
S 5
S
= 5 10 15 20 5 10 15 20
g 4 R R R qrlGeV] qrlGeV]
2 /&\ /tﬂ\ D/"\
Bacchetta et al.

0.3 0.6 0.9 0.3 0.6 0.9 0.3 0.6 0.9 /7
Phr[GeV] Phr[GeV] Phr[GeV] f

) Jefferson Lab
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COMPASS, selected bins

—_k
o

(Q%)=1.5 GeV? (@%)=1.8 GeV? (Q%)=2. GeV? (Q%)=2. GeV? (Q%)=2. GeV? (Q%)=2. GeV?
(x)=0.007 (x)=0.01 (x)=0.015 (x)=0.022 (x)=0.033 (x)=0.055

>
A Y, .

N

W

_U
-y
_|
[l

22

e (2)=0.23 (offset=6)
= (2)=0.28 (offset=5)
+ (2)=0.33 (offset=4)

(z)=0.38 (offset=3)

(z)=0.45 (offset=2)
< (z)=0.55 (offset=1)
» (2)=0.65 (offset=0)

Norm. multiplicity

P
V2%
V2%
V2
P2

9 030609 030609 030609 030609 0306009
PhT[GeV] PhT[GeV] PhT[GeV] PhT[GeV] PhT[GeV]

® O
— O

Vv

Deuteron h—  X2/dof = 1.58

. Jefferson Lab




COMPASS, selected bins

—_k
o

e

¢6;1—; y {02>='1 5 ca.év2 {Q2>=i 8 G('eVZ '(Q2)='2. Ge'Vz '<02>='2. GeV? (Q%)=2. GeV? (Q%)=2. GeV?
+ (x)=0.007 (x)=0.01 (x)=0.015 (x)=0.022 (x)=0.033 (x)=0.055
| / - . .
\w—/

e (2)=0.23 (offset=6)
= (2)=0.28 (offset=5)
+ (2)=0.33 (offset=4)

(z)=0.38 (offset=3)

”
2

(z)=0.45 (offset=2)
< (2)=0.55 (offset=1)
» (z)=0.65 (offset=0)

)

Norm. multiplicity

V2%
V2%
V2
P2

)
P

03 06 09 03 06 0.9 03 06 0.9
Phr[GeV] Pnr[GeV] Pnr[GeV]

First points are not fitted, but used as
normalization

Deuteron h—  X2/dof = 1.58

J ff.ggon Lab
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HERMES, selected bins

(@%)=1.5 GeV? (@%)=1.8 GeV? (@%)=2.9 GeV? (@?)=5.2 GeV? (@%)=9.2 GeV?
(x)=0.061 (x)=0.096 (x)=0.15 (x)=0.24 (x)=0.41
p->7Tt
10}
¥
b A

Multiplicity

| j: N | | __+ |
INASATANA

|

0.2 04 06 08 0.2 04 06 08 02 04 06 08 02 04 06 08 02 04 06 08
PhT [GeV] PhT [GeV] PhT [GeV] PhT [GeV] PhT [GeV]

Contributions to chi2 mainly from normalization, not shape
(also In Z-boson production)

c 2
3 Jefferson Lab



HERMES, selected bins

Multiplicity

10t

-~ AN

(@%)=1.5 GeV? (@%)=1.8 GeV? (@%)=2.9 GeV? (@?)=5.2 GeV? (@%)=9.2 GeV?
(x)=0.061 (x)=0.096 (x)=0.15 (x)=0.24 (x)=0.41
p->7Tt
¥
b A

|
|

0.2 04 06 08 0.2 04 06 08 02 04 06 08 02 04 06 08 02 04 06 08
PhT [GeV] PhT [GeV] PhT [GeV] PhT [GeV] PhT [GeV]

Contributions to chi2 mainly from normalization, not shape
(also In Z-boson production)

63

x2/dof = 4.80

The worst of all channels...

f/j

Jefferson Lab

>



HERMES, selected bins

(Q?)=1.5 GeV? (Q?)=1.8 GeV? (Q?)=2.9 GeV? (Q?)=5.2 GeV? (Q?)=9.2 GeV?
_(0=0061 _ (=009 _ (=015 (=024 __(x)=0.41
p->7Tt
10t
X2/ dof = 4.80
gl 1 1
} The worst of all channels...
> or 1 ]
' I ' However normalizing the
/\ theory curves to the first bin,
2| I /“\_ without changing the
parameters of the fit, X2/ dof
becomes good

0.2 04 06 08 0.2 04 06 08 02 04 06 08 02 04 06 08 02 04 06 08
PhT [GeV] PhT [GeV] PhT [GeV] PhT [GeV] PhT [GeV]

Contributions to chi2 mainly from normalization, not shape
(also In Z-boson production)

_y
3 Jefferson Lab



/-boson @ Fermilab

Narrow bands, driven mainly by
gz values (reduced sensitivity to

Contributions to chi2
mainly from normalization,

Intrinsic kr) not shape
30 . . . .
CDF DO CDF DO
25-+H‘/§=1-8T9V | Vs=18Tev| s=196TeV| +/s=1.96TeV,
>
o
(5,
|_
O
o
: i
©
5 10 15 20 5 10 15 20 5 10 15 20 5 10 15 20
ar[GeV] qr[GeV] ar[GeV] ar[GeV]



Kinematic dependence

Comparison with other extractions :

Color code : same as previous slide GMC trans _
Anselmino et al.

hep-ph/9901442

Jeff/gon Lab
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The replica method

m(x,z, Pnr,Q%), proton target

3y
. 71—
2- % % A (xX)~0.15
| (Q%)~2.9 GeV?
A 0.27<z<0.30
s 0.38<z<0.48
|
0 O
0 % X
. O o
0.0~ O 0 08
Phr
Sample of original data — )

), Jefferson Lab



The replica method

m(x,z, Pnr,Q%), proton target

Sy
. =
23_ } % A (x)~0.15
| 4 (@%)~2.9 GeV?
[ a 0.27<2<0.30
. s 0.38<z<0.48
1
1 s (4
: i i
a
: " " " 1 M " 2. 1 .ﬁ
0.0 0.4 0.8
Phr
Replica of the original data with Gaussian noise )

) Jefferson Lab



The replica method

m(x,z, Pnr,Q%), proton target

3y

. -
2 { | { (xX)~0.15

| I N (Q2)~2.9 GeV?

-' | a 0.27<2<0.30

| s 0.38<2<0.48
1l

; s (U

o { |

I 2 " " 1 2 2 2 1 ;.

0.0 04 0.8
Phr
Fit of the replicated data — )

) Jefferson Lab



The replica method

m(x,z, Py, Q%), proton target

Repeat the generation and the fit N times

69

3y
of (x)~0.15
1 (Q%)~2.9 GeV?
A 0.27<z<0.30
s 0.38<z<0.48
i V4
. O
0.0

e 2

Jefferson Lab



The replica method

m(x,z, Pnr,Q%), proton target

3y
| T
of (xX)~0.15
| (@%)~2.9 GeV?
A 0.27<z<0.30
s 0.38<z<0.48
i A4
. 0
0.0

Obtain distributions of best values -

calculate 68% CL bands Jeffe-r:son Lab
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Data sets and selections

HERMES
p—aT

HERMES | HERMES
p— T P — KT

HERMES
p— K~

Cuts

Points

Reference |

2 -

0.2 < z<0.7
02Q,0.7Qz

e At

190

~f

+0

.5 GeV

187

Max. Q?

9.2 GeV?

x range

0.06 <z <04

SIDIS

TMD factorization (Pht/z << Q%)

avoid target fragmentation (low z]
and exclusive contributions [high z]

In order to avoid the problems
with the normalization in COMPASS data
(see Compass coll., Erratum]

HERMES

D —xt

HERMES | HERMES
D — 7 D KT

HERMES
D — K~

COMPASS
D — ht

COMPASS
D — h™

Reference

B 2 —

0.2 < 2z<0.7
enat L SMin0.2 Q0.7 Q2] £0.5 GeV

189

3125 3127

9.2 GeV?

10 GeV?

x range

0.06 <z <04

Notes

¢ Observable: muorm

D006 <z <012

Jefferson Lab




Data sets and selections

E288 200 | E288 300 E288 400 E605 TMD factorization [gr << Q2]

Reece | 165]

NG 19.4 GeV | 23.8 GeV 27.4 GeV 38.8 GeV
Q range | 4-9 GeV | 4-9 GeV | 5-9, 11-14 GeV | 7-9, 10.5-18 GeV

Kin. var. y=0.4 y=0.21 y=0.03 —0.1<zr <0.2

Drell-Yan

CDF RunI | DORun I | CDF Run II | DO Run II y4
Reference | 67] | 68 | 169 | _[70]

normalization :
fixed from DEMS fit,
different from exp.
[not really relevant for TMD
parametrizations)

_y
Jefferson Lab
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Fvolution at work héerkbs

electron-positron p-Cu Drell-Yan
(Bes-lll - Belle) (E288, EB0O5 @ Tevatron)

Q=382GeV Q=10 GeV Q € [4,18] GeV

Data sets and QCD evolution
M Q =9.39 GeV

guarkonium production
(LHC, AFTER@LHC)

Medium energy:
the best Q-range

73




Pe r'tu r‘b atlve a CC U r'a Cy Overview of the terminology

Cz'/j Wilson coefficients : expansion of the TMD distribution on a basis of collinear PDFs

D
Jefferson Lab
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Pe r'tu r‘b atlve a CC U r'a Cy Overview of the terminology

Cz'/j Wilson coefficients : expansion of the TMD distribution on a basis of collinear PDFs

LO NLO

Anomalous dimension of the TMD and logarithmic expansion

YF [as (,LL), C/:LLQ] ™~ asL -+ (as =+ Osz) + (ag T (X?L) T

\ . 4 \

LL NLL NNLL Q2

~ 1+ag+a+-- L=l -r, al~l

c D
Jefferson Lab

75



Pe rtu Pb atlve a CC U r'a Cy Overview of the terminology

Ci/j Wilson coefficients : expansion of the TMD distribution on a basis of collinear PDFs

LO NLO

Anomalous dimension of the TMD and logarithmic expansion

YF [as (M)o C/:LLQ] ™~ asL -+ (as =+ Osz) + (ai - O‘iL) T

\ . 4 \

LL NLL NNLL Q2
2 L =1n — ol ~ 1
Nl—l—a8—|—a8+ ,LL 3 S
Collins-Soper kernel : a power series in the coupling accuracy chosen consistently

with Wilson coefficients
and anomalous dimension

Kbripm) ~1+as+a2---

Jefferson Lab
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Perturbative accuracy

Cz'/j Wilson coefficients : expansion of the TMD distribution on a basis of collinear PDFs

LO
Anomalous dimension of the TMD and logarithmic expansion Ky = 2 TF /b*
2 2
VF [as (:u)a C/:UJ ] ~ O‘SL _I_SO‘S T O‘SLZ T Cisi | Ync | Feusp | K accuracy
LL NLL 0o | 0o | 0 |o0 QPM
~ 1+aos+--- 0 | 0 1 |0 LO-LL
0 1 2 1 LO-NLL
Collins-Soper kernel : a power series in the coupling 0 2 3 2 LO-NNLL
1 1 2 1 NLO-NLL
K(bripp) ~ 1+ g + -+
1 2 3 2 NLO-NNLL
2 2 3 2 | NNLO-NNLL

Jefferson Lab
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Pavia / Amsterdam / Bilbao 2013

proton target global x?/d.o.f. =1.63 +0.12
no flavor dep. 1.72 +

m(x, z, Pz, Q%), proton target

m I O - ozmaos0 Tt
1.80 £ 0.27 ' TRERRL 264 +0.21
1.83 + 0.25 2.89 +0.23

K- K+
0.78 £ 0.15 0.46 + 0.07
0.87 = 0.16 0.43 + 0.07

c 2
Jefferson Lab

78



Torino / JLab 2014

Q° (GeV?)

h—/_
COMPASS M,

] ¢ « » © N1

h+
COMPASS M}

<z>=0.23
<z>=0.28
<z>=0.33
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-1
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Anselmino, Boglione, Gonzalez, I\/Ielyc;) Prokudin, JHEP 1404 (1 Age/f
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h—/_
COMPASS M,

x2/dof = 3.79

with ad-hoc
normalization

Q2

10t

(GeVz)

3
pe— Y53
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A g S

|
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2 2
Q G’eV h+ P S X3
( ) COMPASS MD ‘ :.i*'TTTITL;ZH%
_/_ [v/{;'i I—IT?T*;HII\I ’ \
COMPASS M}, P |
D /_/ ] Hﬁﬁﬁ%%é\/ %ﬁ N\
| —=0. \ ’
<z>=0.23 | Q°=7.36 GeV? | Q°=7.57 GeV?
o <z>—=0.28 107 | y —0.45 y =0.27
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v <z>=0.38 " :
0
* <z>=0.45 10 & |,
O <z>=0.55
% \
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Erratum
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h—/_
COMPASS M,

simple Gaussian ansatz

x2/dof = 3.79
with ad-hoc
normalization

see Compass caoll.
Erratum

Q° (GeV?)

] ¢ « » © N1
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D’Alesio, Echevarria, Melis, Scimemi, JHEP 1411 (14]

NLL-NLO
10734 : : :